Introduction
C-type lectin receptors (CLRs) are pattern-recognition receptors that recognize allergenic glycans present on allergens, facilitating the endocytosis and presentation of pathogens that are critical in shaping the development of allergic asthma (1) (2) (3) (4) (5) (6) (7) (8) . Most importantly, macrophage mannose receptor (MRC1/CD206), one of the major CLRs, has been shown to play an important role in mediating allergic sensitization (9, 10) , lung inflammation (10) , and activation of innate immune cells (4, 11) . Our previous studies identified a critical role of MRC1 in allergen clearance as a natural defense mechanism and in limiting the progression and severity of allergic inflammation induced by cockroach allergen (cockroach extract, CRE) in a mouse model of asthma (10) . In particular, Mrc1-deficient mice showed significant reduction in CRE uptake, but unexpectedly, these mice have an exacerbation of CRE-induced airway inflammation. Although the underlying mechanisms remain uncertain, our studies suggest that Mrc1 deficiency in macrophages may lead to the alterations in allergen uptake and balance between classically activated (or M1) and alternatively activated (or M2) macrophage phenotypes (10) that may contribute to the exacerbation of airway inflammation.
To further explore the underlying mechanisms, we have focused on miR-511-3p, encoded by CD206/Mrc1. microRNAs (miRs) are small noncoding RNAs that regulate gene expression and cell func-miR-511-3p, encoded by CD206/Mrc1, was demonstrated to reduce allergic inflammation and promote alternative (M2) macrophage polarization. Here, we sought to elucidate the fundamental mechanism by which miR-511-3p attenuates allergic inflammation and promotes macrophage polarization. Compared with WT mice, the allergen-challenged Mrc1 -/mice showed increased airway hyperresponsiveness (AHR) and inflammation. However, this increased AHR and inflammation were significantly attenuated when these mice were pretransduced with adenoassociated virus-miR-511-3p (AAV-miR-511-3p). Gene expression profiling of macrophages identified Ccl2 as one of the major genes that was highly expressed in M2 macrophages but antagonized by miR-511-3p. The interaction between miR-511-3p and Ccl2 was confirmed by in silico analysis and mRNA-miR pulldown assay. Further evidence for the inhibition of Ccl2 by miR-511-3p was given by reduced levels of Ccl2 in supernatants of miR-511-3p-transduced macrophages and in bronchoalveolar lavage fluids of AAV-miR-511-3p-infected Mrc1 -/mice. Mechanistically, we demonstrated that Ccl2 promotes M1 macrophage polarization by activating RhoA signaling through Ccr2. The interaction between Ccr2 and RhoA was also supported by coimmunoprecipitation assay. Importantly, inhibition of RhoA signaling suppressed cockroach allergen-induced AHR and lung inflammation. These findings suggest a potentially novel mechanism by which miR-511-3p regulates allergic inflammation and macrophage polarization by targeting Ccl2 and its downstream Ccr2/RhoA axis. tion by affecting the translation and stability of their targeted mRNAs (12) . miRs can target genes that orchestrate T helper 2 responses (13, 14) , phagocyte activation (10, 15) , and shape macrophage polarization and plasticity (16, 17) , all of which are important immunological processes in the pathogenesis of diseases (18) . miR-511-3p is transcriptionally coregulated with the MRC1 gene in macrophages (10, 19) . Recent studies have suggested that miR-511-3p controls the activation of tumor-associated macrophages (19) , regulates intestinal inflammation by targeting Toll-like receptor 4 (TLR4) (20) , and affects dendritic cell (DC) function by cross-talk with CLRs (21) . Profiling of macrophages demonstrated opposing expression patterns for miR-511 in M1 and M2 macrophages, with an increased expression of miR-511-3p in M2, but decreased expression in M1 macrophages (22) . Our previous studies have also suggested a role for miR-511-3p, the functional strand of miR-511, in shaping the balance between M1 and M2 macrophage polarization (10) . Furthermore, by using WT mice, we showed that miR-511-3p protects against allergen-induced airway inflammation. However, the underlying mechanisms by which miR-511-3p modulates macrophage polarization and lung inflammation have not yet been fully elucidated.
In the current study, we have provided evidence that miR-511-3p can inhibit the increased CREinduced airway hyperresponsiveness (AHR) and lung inflammation caused by the lack of Mrc1 in mice. We have also attempted to elucidate the underlying mechanism. Specifically, we focused on Ccl2, one of the major miR-511-3p target genes identified by gene array, which showed an increased expression in M2 macrophages but was antagonized by miR-511-3p. Finally, we explored the role of the Ccl2 pathway in macrophage polarization and allergic airway inflammation.
Results

Transfection of miR-511-3p in mice attenuates CRE-induced AHR and lung inflammation caused by Mrc1 deficiency.
We have previously demonstrated an exacerbation of CRE-induced lung inflammation in Mrc1 -/mice when compared with WT mice (10) . To determine whether the increased inflammation in Mrc1 -/mice is due to the lack of the Mrc1-encoded miR-511-3p, we generated an adeno-associated virus-GFP (AAV-GFP) vector carrying miR-511-3p to transduce Mrc1 -/mice according to the experimental approach that we have previously reported (10) . We first checked major lung cell populations that were transduced by AAV-miR-511-3p using flow cytometry analysis and coimmunostaining. Among the GFP + cells, 42.1% were macrophages (F4/80 + CD11c + ), 23.1% were DCs (CD11c + MHCII hi ), and 26.8% were epithelial cells (MHCII hi EpCaM + ) (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.126832DS1). These transduced macrophages and airway epithelial cells were further confirmed by GFP coimmunostaining with either F4/80 (macrophages) or EpCaM (epithelial cells) (Supplemental Figure 1B) . Increased miR-511-3p was also noted in the lung tissues of these transduced mice as assessed by RT-PCR (Supplemental Figure 1C ). We then used these transduced mice to generate a mouse model, as illustrated in Figure 1A . Compared with WT mice, CRE-treated Mrc1 -/mice showed an increased airway resistance, which was reduced when these Mrc1 -/mice were transduced with AAV-miR-511-3p ( Figure 1B ). Moreover, consistent with our previous findings (10), CRE-treated Mrc1 -/mice had exacerbated lung inflammation when compared with WT mice (Figure 1 , C-F). Interestingly, the increased lung inflammation was remarkably attenuated when these Mrc1 -/mice were transduced with AAV-miR-511-3p in comparison with AAV-control. Particularly, Mrc1 -/mice with AAV-miR-511-3p treatment showed a significant reduction in the recruitment of inflammatory cells to the lung, with dense peribronchial infiltrates and goblet cell hyperplasia in the histological examination ( Figure 1C ). Compared with Mrc1 -/mice, these AAV-miR-511-3p-treated Mrc1 -/mice displayed a much lower number of total inflammatory cells, especially eosinophils and neutrophils, in the bronchoalveolar lavage (BAL) fluids (Figure 1D ). Furthermore, these miR-511-3p-treated Mrc1 -/mice showed reduced serum levels of CRE-specific IgE (sIgE) and IgG1 (sIgG1) ( Figure 1E ), lower levels of IL-4, IL-13, and IL-17, but higher levels of IFN-γ and IL-10 in the BAL fluids ( Figure 1F ). Collectively, our studies suggest that miR-511-3p treatment can block the increased AHR and allergic lung inflammation caused by Mrc1 deficiency.
miR-511-3 polarizes Mrc1-deficient macrophages into M2 phenotypes. We have previously demonstrated that MRC1 regulates macrophage polarization through miR-511-3p (10) . To further support this finding, we analyzed the M1 and M2 macrophages in CRE-treated Mrc1 -/mice with or without AAV-miR-511-3p transduction (Figure 2A ). Lung tissue M1 and M2 macrophages were assessed by coimmunostaining for F4/80 with either iNOS (M1) or Arg-1 (M2). Of these lung macrophages (F4/80 + ), Mrc1 -/mice treated with AAV-miR-511-3p showed decreased M1 macrophages (F4/80 + iNOS + cells, Figure 2 , A and B), but increased M2 macrophages (F4/80 + Arg-1 + cells, Figure 2 , A and C), when compared with AAV-control. To further characterize lung macrophages from these in vivo-challenged mice, we performed flow cytometry with additional markers to characterize the lung M1/M2 macrophages of AAV-miR-511-3p-treated and AAV-control-treated mice ( Figure 2D ). Specifically, we gated on M2 macrophages with markers F4/80, CD11c, and Arg-1 (F4/80 + CD11c + Arg-1 + cells) and on M1 macrophages with markers F4/80, CD11c, and iNOS (F4/80 + CD11c + iNOS + cells). Consistent with coimmunostaining, AAV-miR-511-3p-treated mice showed fewer M1 (F4/80 + CD11c + iNOS + cells), but more M2 macrophages (F4/80 + CD11c + Arg-1 + cells) ( Figure 2E ). These findings were supported by the analyses of macrophages (Supplemental Figure  3 ) enriched from BAL fluids of CRE-challenged Mrc1 -/mice with or without AAV-miR-511-3p treatment ( Figure 2F ). AAV-miR-511-3p-treated mice have reduced M1, but increased M2 macrophages. Importantly, we detected the expression of M1-and M2-associated genes in these BAL macrophages. As expected, macrophages from AAV-511-3p-treated mice showed decreased expression of M1-associated genes (IL-1β, IL-6, and iNOS), but increased expression of M2-associated genes (Arg-1, Fizz1, and Chi3l3) ( Figure  2G ). These findings were also supported by in vitro analyses with bone marrow-derived macrophages (BMDMs). BMDMs from Mrc1 -/mice were transfected with lentivirus-miR-511-3p (LV-miR-511-3p) or LV-mock control, and then cultured under either M1 (LPS) or M2 (IL-4) conditions. Compared with LV-mock, LV-miR-511-3p-infected BMDMs showed reduced expression of M1-associated genes (IL-1β, IL-6, and iNOS), but increased expression of M2-associated genes (Arg-1, Fizz1, and Chi3l3) ( Figure 2H ). Taken together, these results support our previous findings and further suggest that miR-511-3p polarizes macrophages toward the M2 phenotype independent of Mrc1 expression. Ccl2 is one of the miR-511-3p target genes. To explore the underlying mechanisms by which miR-511-3p polarizes macrophages toward the M2 phenotype, we performed transcriptional profiling of undifferentiated macrophages, M2 macrophages (under M2 culture conditions with IL-4), and M2 macrophages pretreated with an miR-511-3p mimic using the MouseRef-8 v2.0 BeadChip, as previously described (10) . From gene array analysis, we prioritized the 10 most differentially expressed genes that are increased in M2 macrophages as compared to the undifferentiated macrophages, but were significantly decreased by the miR-511-3p mimic ( Figure 3A ). We then narrowed down the number of genes based on their potential association with macrophage polarization and asthma and further confirmed their expression by qRT-PCR. These genes include Ccl2 (chemokine ligand 2) (23, 24), Ak2 (adenylate kinase 2) (25), Clcn3 (chloride voltage-gated channel 3) (26), Plek (pleckstrin) (27) , and Srgn (serglycin) (ref. 28 and Figure 3B ). Consistent with the gene array analysis, these selected genes are highly expressed in M2 macrophages as compared with undifferentiated macrophages, but significantly inhibited when these M2 macrophages were pretreated with the miR-511-3p mimic, with the exception of Ak2. Furthermore, we performed in silico analysis by using BiBiServ RNAhybrid, a program that predicts multiple potential binding sites of miRs in large target RNAs (29) . The predicted binding sites for miR-511-3p in the 3′-UTR for these genes are provided in Supplemental Table 1 . In particular, we predicted the miR-511-3p binding site in human CCL2 mRNAs (+93-111, Figure 4A ) and murine Ccl2 (+94-111, Figure 4B ). The miR-511-3p-Ccl2 binding was further supported by the miR-mRNA pulldown assay, as outlined in Figure 4C . Compared with miR control, a significant amount of Ccl2 mRNA was detected in miR-511-3p-biotin-mRNA complexes from IL-4-treated BMDMs ( Figure 4D ). Furthermore, LV-miR-511-3p, but not LV-control, transduction significantly inhibited ure 4E). Additionally, we analyzed the levels of Ccl2 in BAL fluids of miR-511-3p-treated mice. Compared with WT mice, Ccl2 levels were increased in BAL fluids from CRE-challenged Mrc1 -/mice, but significantly reduced when these mice were preinfected with AAV-miR-511-3p ( Figure 4F ). Taken together, these findings suggest that Ccl2 is one of the miR-511-3p targets that may contribute to the increased risk of asthma.
Ccl2 promotes M1 macrophage polarization through Ccr2. As a miR-511-3p target gene, we investigated whether Ccl2 plays a role in miR-511-3p-regulated macrophage polarization. Similarly to LPS, when BMDMs were directly treated with Ccl2, these cells showed increased expression of the M1-associated marker iNOS, as detected by immunostaining ( Figure 5, A and B) . In contrast, Ccl2-treated BMDMs showed no change for Arg-1, an M2-associated marker that was significantly expressed in IL-4-treated BMDMs ( Figure 5 , A and C). These findings were further supported by qRT-PCR. Ccl2-treated BMDMs showed significantly increased expression of M1-associated genes (IL-1β, IL-6, and iNOS, Figure 5D ), but no change was noted for M2-associated genes (Arg-1, Fizz1, and Chi3l3, Figure 5E ). Next, we investigated the molecular mechanisms by which Ccl2 induces macrophage polarization through its receptor Ccr2. Ccr2 was knocked down in BMDMs by Ccr2 siRNA, but not control siRNA, as assessed by qRT-PCR ( Figure 5F ). These BMDMs with or without Ccr2 knockdown were then treated with Ccl2 for the analysis of macrophage polarization. As expected, BMDMs with Ccr2 siRNA knockdown showed reduction in the expression of M1-associated genes ( Figure  5G ), but no changes for M2-associated genes ( Figure 5H ), as compared with those with control siRNA. These results indicate that Ccr2 is essential in Ccl2-promoted M1 macrophage polarization.
Ccl2 activates RhoA signaling that contributes to macrophage polarization. We have recently reported that RhoA signaling is critical in CRE-induced airway inflammation/remodeling and mesenchymal stem cell differentiation in a chronic mouse model of asthma (30) . Thus, we investigated whether RhoA signaling also plays a role in Ccl2-induced macrophage differentiation. First, BMDMs were treated with Ccl2; RhoA activity was investigated by immunostaining for RhoA-GTP. Similarly to LPS-treated BMDMs, Ccl2 induced increased expression of RhoA-GTP in BMDMs ( Figure 6A ). Next, we used fasudil, a selective RhoA/ROCK inhibitor (31) , to explore whether RhoA signaling can regulate macrophage polarization. Compared with untreated BMDMs, Ccl2-treated BMDMs expressed higher levels of the M1-associated genes IL-1β, IL-6, and iNOS ( Figure 6B) . These increased M1 genes were inhibited when BMDMs were pretreated with fasudil for 30 minutes prior to Ccl2 stimulation, suggesting that RhoA signaling is crucial for Ccl2-induced M1 macrophage polarization. To further confirm the role of RhoA in macrophage polarization, active RhoA overexpression in BMDMs was generated by transfecting plasmids containing a constitutively active RhoA (RhoA-L63), and then treated with Ccl2. Consistent with the previous findings, RhoA-L63-transfected BMDMs showed increased expression of M1-associated genes when compared with those transfected with RhoA-WT ( Figure 6C ). Lastly, we explored whether there is a physiological protein-protein interaction between CCR2 and RhoA in macrophages by using coimmunoprecipitation assay. Both CCR2 and RhoA are expressed in the human monocyte-derived cell line THP-1 (ref. 32 and Figure 6D , Input). Although RhoA expression in these samples is much lower in comparison with CCR2, a complex of CCR2 coprecipitated with RhoA was identified by Western blot, suggesting that CCR2 could interact with RhoA. Together with the data on the role of RhoA signaling in macrophage polarization, these results show that Ccl2 induces macrophage polarization through the Ccr2/RhoA axis. RhoA signaling regulates lung inflammation in a mouse model. Given the role of RhoA signaling in mediating Ccl2-promoted macrophage polarization, we further investigated whether the Ccl2-activated RhoA signaling can affect allergen-induced AHR and lung inflammation in our mouse model of acute asthma, as reported previously (33) . In particular, we examined whether inhibition of RhoA signaling can prevent CRE-induced AHR and lung inflammation by using fasudil before CRE challenge, following the protocol illustrated in Figure 1A . Consistent with our previous findings (30, 33) , CRE induced increased airway resistance ( Figure 7A ) and airway inflammation (Figure 7 , B-E) when compared with PBS treatment. Of interest, when these allergen-challenged mice were treated with fasudil, the increased airway resistance and lung inflammation were significantly attenuated. Specifically, treatment with fasudil significantly suppressed CRE-induced peribronchial inflammation and goblet cell hyperplasia ( Figure 7B ). Furthermore, these fasudil-treated mice showed a significant reduction in the number of total inflammatory cells, eosinophils, macrophages, neutrophils, and lymphocytes in the BAL fluids ( Figure 7C) . Similarly, we found that serum levels of CRE-induced sIgE and sIgG1 were also remarkably reduced in these fasudil-treated mice ( Figure 7D ). The same pattern was noted for the levels of IL-4, IL-5, IL-13, IFN-γ, and IL-17α ( Figure 7E ). However, no changes were noted for IL-12 and IL-10. These results provide evidence that RhoA signaling is critical in CRE-induced AHR and lung inflammation.
Discussion
The goal of our study was to explore the role of miR-511-3p and the fundamental mechanism by which miR-511-3p plays a role in Mrc1-mediated CRE-induced lung inflammation. We have previously demonstrated that Mrc1 -/mice showed an exacerbation of CRE-induced lung inflammation (10) . In this study, we have provided evidence that the increased AHR and lung inflammation due to the lack of Mrc1 can be reversed by AAV-mediated transduction of miR-511-3p. Furthermore, by gene array analysis, we have iden- tified Ccl2 as one of the targets of miR-511-3p, and that activation of Ccl2 can enhance M1 macrophage polarization. Most importantly, we have identified RhoA signaling as a regulator of the Ccl2-induced macrophage polarization via Ccr2. Thus, our results advance our understanding of how the Mrc1-encoded miR-511-3p contributes to Mrc1-mediated allergen-induced AHR and lung inflammation.
While studies on miR-511-3p are limited, several studies have suggested that it controls the activation of tumor-associated macrophages (19) , regulates macrophage-mediated microbial responses (20) , is involved in the regulation of intestinal inflammation (20) , and affects DC function by cross-talk with CLRs (21) . Recent studies have also suggested that miR-511-3p may be a prognostic factor and potential tumor suppressor through inverse regulation of its downstream target gene AKT (serine/threonine-specific protein kinase 3) (34) . Our studies provide further evidence that miR-511-3p may protect against allergen-induced airway inflammation (10) . In particular, our studies raise the possibility that miR-511-3p is a major determinant in the increased inflammation observed in Mrc1 -/mice. First of all, miR-511-3p is mainly expressed in macrophages and DCs among all the different immune cells (Supplemental Figure 4) , a pattern similar to that of Mrc1 that is mainly expressed in macrophages and DCs (18, 35) . Thus, this finding further strengthens the notion that miR-511-3p is transcriptionally correlated with Mrc1 and plays an important role in Mrc1-mediated macrophage/DC functions or innate immune responses to environmental stimuli (10, 19) . Second, when these Mrc1 -/mice were transduced with miR-511-3p, the increased inflammation observed in Mrc1 -/mice was attenuated, indicating that miR-511-3p may play an important role in the allergen-induced lung inflammation. Third, we suggested the possible mechanism in which miR-511-3p prevents allergic lung inflammation through regulating macrophage polarization. Indeed, we found that AAV-miR-511-3p-transduced Mrc1 -/mice showed macrophage polarization toward M2 in the lung tissue. It has been documented that M2 macrophages can protect against inflammation through the release of antiinflammatory cytokines (e.g., IL-10) (18) . Although it is difficult to directly examine the production of cytokines by M1 or M2 macrophages in the allergen-challenged mouse model, we carefully characterized lung macrophages by not only coimmunostaining but also flow cytometry analysis with the markers suggested by Misharin et al. (36) . Importantly, we used a similar approach and characterized macrophages enriched from BAL fluids of Mrc1 -/mice treated with or without AAV-miR-511-3p. Furthermore, the expression of M1/M2-associated genes was also investigated in those macrophages. Consistently, macrophages in either lung tissues or BAL fluids from mice treated with miR-511-3p showed an increase in the M2 phenotype, indicating that miR-511-3p polarizes macrophages toward the M2 phenotype that may contribute to the suppression of allergic lung inflammation. Additionally, we found that IL-10 in BAL fluids from mice treated with miR-511-3p was increased, suggesting that IL-10 may, at least partially, play a role in the protection against lung inflammation by miR-511-3p. However, no evidence was provided as to whether M2 macrophages are the major source of IL-10 in the BAL fluids. Furthermore, we observed increased T regulatory cells (Tregs), one of the cellular sources of IL-10, in the lung tissues and BAL fluids of Mrc1 -/mice treated with AAV-miR-511-3p (Supplemental Figure 5) . Thus, future studies would be of interest to identify the underlying mechanisms by which M2 macrophages prevent allergic lung inflammation through the regulation of T cell differentiation and cytokine production. Additionally, since miR-511-3p is also expressed in DCs (33) , it is very likely that miR-511-3p in DCs may contribute to the increased inflammation caused by the lack of Mrc1, which would also be of interest to determine in the future.
Next, we explored the fundamental mechanisms by which miR-511-3p confers protection against allergic inflammation. Several genes have been reported to be targeted by miR-511-3p, including AKT (34), Rock2 (19, 37) , Ltbp1 (19) , and Tlr4 (20) . Among these, Rock2 and Ltbp1 were significantly downregulated, and Tlr4 was upregulated by miR-511-3p in our previous studies (10) . Of interest, Rock2 is one of the downstream effector proteins of RhoA (38) , and the activation of RhoA/ROCK signaling is responsible for the macrophage dif- Figure 8 . Schematic representation of findings. Exposure to cockroach allergen induces Mrc1 expression in macrophages for allergen uptake and the release of Mrc1-encoded miR-511-3p. The released miR-511-3p binds Ccl2 mRNA and inhibits the production of Ccl2. Ccl2 can polarize macrophages toward the M1 phenotype through its receptor Ccr2 and subsequent activation of RhoA signaling. Thus, the insufficient amount of Ccl2 caused by miR-511-3p fails to polarize macrophages into an inflammatory M1 phenotype, thereby leading to the reduction of allergic inflammation. ferentiation induced by PMA (19, 39) . Furthermore, we have previously demonstrated that Ptgds (encoding hematopoietic prostaglandin D synthase), which catalyzes the conversion of PGH2 to PGD2, may be one of the direct target genes for miR-511-3p (10) . Follow-up studies on the role of Ptgds and PGD2 in macrophage polarization and development of allergic asthma are ongoing in our laboratory. In this study, we performed a microarray analysis by using a different approach to identify miR-511-3p target genes that are highly expressed in M2 macrophages, but significantly antagonized by miR-511-3p. Several genes were identified, including the top-ranked genes Ak2 (25), Ccl2 (23), Clcn3 (26), Plek (27) , and Srgn (28). These genes have been predicted to have miR-511-3p binding sites in their 3′-UTR. Thus far, no studies to our knowledge have reported these genes to be associated with allergic airway inflammation. Of these, Ccl2 belongs to the C-C class of chemokines and has been shown to be a key modulator of inflammation, with specific chemotactic activity for monocytes/macrophages via preferential interaction with Ccr2 (40, 41) . Alterations in the expression of CCL2 have been observed in BAL fluids from allergen-challenged asthmatic patients (24) , and demonstrated its association with asthma (42) (43) (44) . Thus, we prioritized Ccl2 as a potentially novel target gene for miR-511-3p that may participate in miR-511-3p-regulated downstream immune responses in allergic asthma.
We provided several pieces of evidence to support the regulation of Ccl2 by miR-511-3p. First of all, we found by in vitro analysis that macrophages treated with miR-511-3p have reduced release of Ccl2. Second, BAL fluids from CRE-challenged mice contained higher levels of Ccl2, which were lower in those from miR-511-3p-treated mice. Third, we performed in silico analysis by using BiBiServ RNAhybrid and predicted the potential binding site for miR-511-3p in Ccl2 mRNA. The binding was further confirmed by the miR-mRNA pulldown assay that we developed by mixing biotinylated miR with cell lysates to identify miR binding partners (33, 45) . Particularly, a significantly higher amount of Ccl2 mRNA was identified in miR-511-3p-mRNA complexes that were isolated from macrophages, suggesting a possible physiological interaction between miR-511-3p and Ccl2. Thus, these findings suggest a potentially novel epigenetic mechanism by which miR-511-3p may confer protection against allergic inflammation by inhibiting Ccl2 expression.
A further mechanism elucidated by this study is that Ccl2 induces macrophage polarization to the M1 phenotype through its receptor, Ccr2. The Ccl2/Ccr2 pathway has been reported to skew macrophage polarization at the transcriptomic and functional level in human and mouse macrophages (46) (47) (48) (49) . Our studies here provide evidence that Ccl2 can induce Ccr2-dependent expression of M1-associated genes, but not M2-associated genes, and further suggested that the Ccl2/Ccr2 pathway may be associated with M1 macrophage polarization. Thus, the identification of the Ccl2/Ccr2 pathway in controlling macrophage polarization may open new strategies for the treatment of allergic inflammation.
One of the most important mechanisms elucidated by our study is that active RhoA signaling plays a critical role in the Ccl2/Ccr2 pathway-associated macrophage polarization. RhoA is an intracellular signal transducer of the Rho family of small GTPases (50) . Ccl2 has been shown to induce RhoA activity that may contribute to cell migration, survival (51) , and various other processes, such as the cell cycle, cytoskeletal regulation, and cellular growth (52, 53) . RhoA signaling has been linked with pathophysiological pro cesses of asthma, including the development of AHR, airway inflammation, and remodeling (54) (55) (56) (57) (58) (59) (60) (61) . Also, we found that asthmatic lung tissues showed activated RhoA signaling, and inhibition of RhoA signaling prevented CRE-induced airway inflammation and remodeling in a chronic mouse model of asthma (30) . Furthermore, the activation of RhoA signaling has been associated with macrophage polarization (62, 63) . In this study, we provided evidence that Ccl2 can activate RhoA signaling, and that inhibition of RhoA signaling can block Ccl2-induced M1 macrophage polarization. To further confirm the role of RhoA signaling in macrophage polarization, macrophages were transfected with a constitutively active RhoA. We found that macrophages with active RhoA expression tend to polarize toward M1 macrophages. Furthermore, our coimmunoprecipitation study suggested a possible physiological interaction between CCR2 and RhoA in macrophages. Taken together, these findings suggest that the Ccl2/CcR2 axis may play a role in macrophage polarization through interacting with RhoA.
Recent studies have suggested that RhoA signaling plays a critical role in immune cell activation and migration, and has been considered as a key regulator of innate and adaptive immunity (64) . In this study, we used fasudil, a potent ROCK inhibitor, to inhibit RhoA signaling in vivo and examine the effect of RhoA signaling in allergic lung inflammation. We found that fasudil could inhibit CRE-induced airway resistance and lung inflammation. By using the same approach as that described above, we characterized the lung macrophages and found that mice treated with fasudil showed decreased M1, but increased M2 macrophages (data not shown). These results raise the possibility that RhoA signaling regulates macrophage polarization that may contribute to CRE-induced lung inflammation. Given that studies have sug-gested that inhibition of RhoA signaling can regulate T cell differentiation (58) and suppress the production of Th17 cytokines (e.g., IL-21, IL-17) (65, 66) , we expect that RhoA signaling may play a critical role in allergic inflammation through the regulation of T cell differentiation and cytokine production. Although it remains unknown whether RhoA signaling regulates DC function, it would be critical to investigate the effect of RhoA signaling in miR-511-3p/Ccl2/Ccr2-mediated DC differentiation, antigen presentation, and T cell differentiation in allergic asthma in the future.
In summary, we have determined the functional significance of miR-511-3p in Mrc1-mediated allergen-induced lung inflammation, and explored the underlying mechanisms by which miR-511-3p attenuates allergic inflammation and promotes M2 macrophage polarization. Although other identified target genes may be critical, e.g., AKT (34), Rock2 (19, 37) , Ltbp1 (19) , and Ptgds (10), our data provide evidence that Ccl2 is one of the target genes for miR-511-3p and suggest a potentially novel mechanism by which Ccl2 induces macrophage polarization through the Ccr2/RhoA axis (Figure 8 ). Thus, our data allow us to conclude that targeting miR-511-3p and its target genes may yield therapeutic approaches for the treatment of allergic asthma.
Methods
Mice. Mrc1-deficient (Mrc1 -/-) and C57BL/6J (WT) mice were purchased from the Jackson Laboratory and maintained under specific pathogen-free conditions at the animal facility of the Johns Hopkins University School of Medicine. Mice were at 6-8 weeks of age and in all experiments, all mice were age and sex matched.
Mrc1 -/mice transfected with AAV-miR-511-3p. AAV, a nonpathogenic small DNA virus, has been utilized to deliver DNA to target cells (67) . An AAV serotype 9 (AAV9) vector encoding the enhanced GFP reporter and expressing miR-511-3p (AAV-CMV-miR-511-3p-GFP), driven by the cytomegalovirus (CMV) promoter, was generated in SignaGen Laboratory. The methods for the transfection of AAV into Mrc1 -/mice and detection of GFP expression were previously described (10) . AAV at a dose of 5 × 10 10 PFU in 20 μL PBS/mouse was administered to mice via intratracheal injection. GFP expression in the lung tissues was detected on day 35 after AAV injection.
CRE-induced mouse model of asthma and the analysis of lung inflammation. Generation of a CRE-induced mouse model of asthma and analysis of lung inflammation was established as previously described (10, 33) . In a separate experiment, mice were treated with fasudil (Selleckchem) at a dose of 30 mg/kg dissolved in water by intratracheal administration 30 minutes prior to CRE (Greer Laboratory) challenge. Vehicle-treated mice received PBS.
Measurement of AHR. Mice were anesthetized with a mixture of 90 mg/kg ketamine and 18 mg/kg xylazine, and a tracheotomy tube was inserted. Ventilation was initiated with a volume-cycled ventilator (Flexivent, SCIREQ Scientific) with a positive-end expiratory pressure of 2 cmH 2 O. Airway responsiveness was measured by challenging mice to increasing doses of aerosolized methacholine (0-30 mg/mL). The airway resistance was measured with the Flexivent software and exported to Pulmodyn data-acquisition software (Hugo Sachs Electronic) for data analysis (68) .
ELISA. Concentrations of IL-4, IL-5, IL-13, IL-12, IL-17, IFN-γ, IL-10, and Ccl2 in cell-free BAL fluids were measured by using the Ready-Set-Go! ELISA sets (Thermo Fisher Scientific) (10, 33, 68) . CRE-specific sIgE and sIgG1 serum levels were analyzed by ELISA, as previously described (10, 33, 68) .
Immunofluorescence staining. Immunofluorescence staining was performed as previously reported (10, 68, 69) . The following antibodies were used: F4/80 (BM8, Thermo Fisher Scientific), Arg-1 (D4E3M, Cell Signaling Technology), iNOS (D6B6S, Cell Signaling Technology), and RhoA-GTPase (26904, New East Biosciences). Detailed information is provided in Supplemental Table 2 . To determine the fluorescence signal in tissue sections, fluorescence-positive cells in 4 different high-power fields from each lung section were quantified using ImageJ v1.50e (NIH) and presented as mean fluorescence intensity per square micrometer. Four to 6 lung sections from each sample were used for analysis.
Flow cytometry analysis. Single-cell suspensions from whole lung tissues were prepared from minced lung tissues as described in the supplementary materials. To characterize the M1/M2 macrophages, the resuspended cells were stained with antibodies against F4/80 (BM8, BioLegend), CD11c (HL3, BD), Arg-1 (D4E3M, Cell Signaling Technology), or iNOS (NB300-605, Novus). Macrophages enriched from the BAL fluids were stained by using the same methods. To characterize Tregs, the cells were first stained with antibodies against CD4 (RM4-5, BioLegend) and CD25 (PC61.5, BioLegend), followed by intracellular staining with FoxP3 antibody (FJK-16s, Thermo Fisher Scientific). These stained samples were then analyzed on a FACSCalibur flow cytometer (BD Biosciences).
RT-PCR.
Quantitative RT-PCR was performed as previously reported (10, 68, 69) . Primer sequences are listed in Supplemental Table 3 .
miR-511-3p overexpression in macrophages with LV transduction. BMDMs were generated and then transduced with LV-miR-511-3p or a mutated miR-511-3p (LV-Mock) as previously described (9) . Both LV-miR-511-3p and LV-Mock were provided by Mario Leonardo Squadrito (Swiss Federal Institute of Technology Lausanne [EPFL], Lausanne, Switzerland).
Transfection of constitutively activate RhoA into macrophages. Approximately 1.0 × 10 5 BMDMs were seeded onto a 6-well tissue culture plate 24 hours prior to transfection with a plasmid expressing a constitutively active RhoA (myc-RhoA-Q63L-GFP) or empty vector (EV-GFP) control using FuGENE 6 (Promega) as instructed by the manufacturer (70) . Transfection efficiency was assessed by GFP expression using flow cytometry.
Macrophage polarization. Macrophages were polarized with either IL-4 (20 ng/mL) or LPS (100 ng/mL) for 24 or 6 hours, respectively, and then analyzed for M1 and M2 macrophage markers (10) . For Ccl2-induced macrophage polarization, BMDMs were treated with recombinant murine Ccl2 at 5, 20, or 50 ng/ mL (BioLegend). For some experiments, BMDMs were treated with fasudil with or without Ccl2. Macrophage polarization was assessed by immunostaining and/or qRT-PCR.
Transfection of miR mimics and siRNA. miR-511-3p mimic and its corresponding negative control were purchased from Thermo Fisher Scientific. Ccr2 knockdown was accomplished by using a predesigned MISSION siRNA pair (Sigma-Aldrich). miR and siRNA transfection were performed using Lipofectamine RNAiMAX (Thermo Fisher Scientific) as instructed by the manufacturer.
Coimmunoprecipitation. Coimmunoprecipitation was performed as described in the supplementary materials (70) . RhoA expression in THP-1 cells was enriched with 50 ng/mL of recombinant human CCL2 (BioLegend) for 2 hours. These cells were lysed and then immunoprecipitated using specific antibody against CCR2 (Cell Signaling Technology, D14H7) and isotype control (Cell Signaling Technology, DA1E), respectively. The antibody/protein complex was enriched using Protein A magnetic beads followed by Western blot using an antibody against RhoA.
Analysis of miR-mRNA interaction. The analysis of miR-mRNA interaction was performed as previously described (33) . Briefly, a synthetic miR-511-3p containing a biotin at the 3′end was annealed with a complementary strand (Integrated DNA Technologies). Twenty nanograms of the duplex was incubated with BMDM cell lysates, and miR-mRNA complexes were isolated using streptavidin beads. These isolated complexes were then reverse transcribed using the High-Capacity Reverse Transcription Kit (Thermo Fisher Scientific). qPCR was performed by using Ccl2 primers to identify bound mRNA, and the enrichment was analyzed by the foldchange in miR-511-3p pulldown versus that of the negative control miR (cel-miR-39 biotinylated miR).
Microarray analysis. Microarray analysis of mRNA expression in BMDMs untreated, treated with IL-4 or IL-4 and miR-511-3p mimic, was performed by using MouseRef-8 vs Expression ReadChip arrays (Illumina). Microarray assay and data analysis were performed as previously described (10) . MIAME-compliant gene expression array data have been deposited to the NCBI's Gene Expression Omnibus (GEO GSE137120) (71) .
Statistical analysis. All data are expressed as the mean ± SEM for each group. Statistical significance for normally distributed samples was assessed by an independent 2-tailed Student's t test or 2-way ANOVA test. Analyses were performed with GraphPad Prism version 5.1 software. P < 0.05 was considered statistically significant for all analyses.
Study approval. The experimental procedures involving the use and care of animals were approved by the Animal Care and Use Committee at Johns Hopkins University School of Medicine, Baltimore, Maryland.
